Introduction
The focus of this paper is a compliant transmission that is capable of doubling the frequency of an actuator. In this section, we begin with a brief description of compliant transmissions and then explain the motivation for this work.
Compliant Transmissions.
The selection of an actuator for an application is primarily based on the range and resolution of its attributes such as displacement ͑i.e., stroke͒, force, and operating frequency ͓1͔. Considerations of size, cost, efficiency, ease of maintenance, and power supply also play important roles in the choice of an actuator. When it is not possible to find an actuator that meets the above requirements for an application, a transmission is used. Transmissions transform the work done by actuators to match the requirements of various applications or of varying loads and speeds within an application. Transmissions based on rigid-body mechanisms such as linkages and gear trains have been widely used in mechanical and electromechanical systems. However, these transmissions are not suitable for many applications that require high repeatability or small sizes ͓2͔. Compliant mechanisms ͑CMs͒, which are single-piece elastic bodies that deform to transmit and transform force and motion, are useful in those cases. In this case, an important advantage of CMs over rigid-body mechanisms is that the CMs can be tightly integrated with an actuator to yield a compact system. This is especially important for microactuators.
Figure 1 schematically illustrates some of the attributes that have been modified by compliant transmissions that are used for microactuators. Compliant displacement-amplifiers such as the ones reported in Refs. ͓2-4͔ change the force-displacement characteristic represented by C 1 to C 2 for electrostatic and thermal microactuators. Force-amplifiers do the reverse: they transform C 2 to C 1 . Pedersen and Seshia ͓5͔ presented a compliant forceamplifier for a resonant-mode inertial microsensor. Pedersen et al. ͓6͔ showed that compliant transmissions can also modify the shape of the force-displacement characteristic to C 3 from C 1 or C 2 . In microactuators, there is a need for a fourth kind of compliant transmission that changes the frequency of actuation, i.e., transforming C 1 to C 4 . The novel compliant device presented in this paper was motivated by this need, as explained below.
Motivation.
Among the existing microactuators, thermal actuators ͑which are based on constrained thermo-elastic expansion, phase change, etc.͒ form an important class with capabilities of high forces and displacements. However, they are restricted to low operation frequencies due to the time delays caused by cooling and reheating of the actuators between successive cycles. Huber et al. ͓1͔ recommend that due to their high work-density ͑work output per unit mass͒, thermal actuators should be considered for macro-scale applications that require compact actuators and low frequencies of operation ͑Ͻ10 Hz͒. Improved heat transfer rates at the microscale, allow thermal actuators to be operated at higher frequencies ͑e.g., 1 kHz for bent-beam thermal microactuators ͓4͔͒, but these frequencies are still small as compared to other actuation schemes such as electrostatic comb drives, which can run at frequencies of O ͑10 MHz͒ ͓7͔. However, electrostatic microactuators cannot generate large forces over large distances. Unlike thermal actuators, which can work in the voltage-current regime of conventional microelectronics, electrostatic actuators require much higher voltages. Thermal actuators can be used for more applications if a transmission can be designed to transform the high force, high stroke, but low frequency output of a thermal 1.4 The Scope of the Paper. The conceptual design of the cycle-doubler was done using a systematic synthesis procedure, which is described in Ref. ͓10͔ . A topology optimization technique that used regularized contact modeling was used to generate the topology concept using gradient-based continuous optimization algorithm. The design shown in Fig. 2 was obtained under the assumptions of linear elastic material behavior, smalldeformations, frictionless contacts and quasistatic elastic operation. But the cycle-doubler is intended to be a part of a dynamic system. Therefore it is necessary to characterize its behavior under dynamic conditions. It is common for CMs that are intended for dynamic applications to be designed for quasistatic conditions, and to be subsequently refined for dynamic operation ͑e.g., ͓2,5͔͒. We use the same approach in this work. Furthermore, it is not always practical to account for all the design requirements when posing the design problem in the topology optimization framework. Therefore, some modifications to the topology solution are often needed when it is used in a practical application. This was, for example, illustrated in Ref. ͓11͔ in the design of a cam-flexure clamp. In this paper we describe the process of transforming the topology concept into a functional prototype. Detailed static and dynamic, nonlinear finite element ͑FE͒ analyses and quasistatic experiments on prototypes are used to guide this transformation. The detailed design procedure presented here is specific to this cycle-doubling CCM. Although no attempt is made in the paper to present a general procedure, many of the discussions may be applicable to other CCMs and CMs.
Certain simplifying assumptions were made in Ref.
͓10͔ to make the topology optimization problem computationally tractable. These assumptions lead to discrepancies between the simulated behavior of the cycle-doubler and the actual behavior of its physical prototype. Section 2 describes what modifications are necessary to the topology solution and also presents a nonlinear finite element model whose results agree with those from quasistatic experiments on a macroscale prototype. The effects of friction and output load are discussed in Sec. 3. In Sec. 4, we turn our attention to the dynamic behavior of the design. It is shown that by an appropriate choice of length scale and material, the design can be adapted to function as a cycle-doubler over a range of input frequencies. Two instances of the design that are made of different materials are presented and analyzed. The macro-͑or cm͒ scale, polypropylene prototype is shown to perform adequately at frequencies in the 0-7.8 Hz range, which is the operating range for macroscale thermal actuators ͓1͔. The microscale, silicon design is shown to be capable of operating at frequencies up to 1 kHz. Therefore, the design is suitable for doubling the useful bandwidth of bimorph and bent-beam type electrothermal microactuators of Ref. ͓4͔. The last section contains the concluding remarks.
Modifications to the Conceptual Design
Since the intermittent contacts introduce sudden changes in the boundary conditions of the elastic structure, they will lead to intended nonsmoothness in the response. This makes the topology synthesis of CCMs significantly challenging. This synthesis problem was made computationally tractable in Ref. ͓10͔ by making some simplifying assumptions viz., small displacements, frictionless contact, and a simplified beam finite element model. This led to the conceptual design shown in Fig. 2 . When a prototype of this design was milled out of a sheet of Polypropylene, its behavior was substantially different from that obtained from smalldisplacement FE simulations of the design. Although some qualitative differences in behavior are expected due to experimental and modeling errors, however, such differences are usually not Fig. 2 Schematic of a compliant mechanism that transforms one cycle of reciprocating, rectilinear input "force, F… at the input port "IP… into two cycles of reciprocating, rectilinear output "displacement, d… at the output port "OP…. The mechanism is anchored to the ground at the locations labeled E.
significant from the viewpoint of the functionality. However, the behavior of the prototype based on the concept design of Fig. 2 showed a dramatic deviation from its simulated behavior-the prototype failed to show cycle-doubling behavior. We explore the reasons for that in this and the following sections. Even though there might not be any change in the qualitative behavior in regular CMs, it has been our experience that many of the arguments noted below are relevant for CMs synthesized using simplified analysis models.
Geometrically Nonlinear Analysis.
When the topology solution of Fig. 2 was analyzed by geometrically nonlinear finite element analysis ͑FEA͒ using ABAQUS ͓12͔, it failed to show the cycle-doubling behavior. The reason for this is that the linear FEA overestimates the displacements, which are approximately 25% of the linear dimension of the mechanism. Consequently, the contact points ͑CN in Fig. 2͒ contact the external rigid surfaces ͑CS͒ later in the input cycle in nonlinear FEA than in linear FEA. This is troublesome because the design relies on the additional stiffness induced by the contact interaction to guide the deformation of the mechanism in the rest of the input cycle. Therefore, if the onset of contact is delayed, the input port undergoes large deformation while the output port sees very little motion due to the differences in the stiffness in the input and output sides. The delay in contact can be rectified by reducing the initial gap ͑g 0 ͒ between the contact nodes and the external surfaces so that the contact takes place at the same point in the input cycle as in the linear FEA model. Figure 3 compares the output displacement for the base design as simulated by linear FEA with that for the design with the modified gap as simulated by the nonlinear FEA. The modification results in a reduced output stroke of about 2 mm as compared to 4 mm in the linear FEA. The maximum contact force was also observed to decrease to 28 N from 75 N. The geometrically large deflections also cause the shape of the output displacement plot in the nonlinear case to deviate from its perfectly triangular shape in the linear case.
A physical prototype of the design with the modified gap was milled out a sheet of Polypropylene ͑PROTEUS ® Homopolymer from Poly-Hi Solidur͒ and tested ͑see Table 1͒ . It did not exhibit the cycle-doubling behavior predicted by the nonlinear FEA. A visual comparison of the deformation ͑figure not included here͒ behavior of the prototype and the simulated behavior showed significant qualitative differences. As the differences in behavior arose even at low strains and in the pre-contact phase, it was concluded that the assumptions of linear elastic material behavior and frictionless contact are not primary contributors to the differences. Closer observation of the actual and simulated deformation patterns showed that the discrepancies originated from the connections between the beam elements closest to the input port. This generic problem with beam-connections affects all CMs but their effect is not conspicuous unless a detailed quantitative evaluation is carried out. This is discussed next.
Modeling Beam Connections.
The stiffness of the beamto-beam connections in the prototype was observed to be much greater than that simulated by the FEA due to the additional stiffness introduced by the fillets at the connections. The fillets add material, and hence stiffness, to the joints. This is not captured by the FE model. Wittwer and Howell ͓13͔ examined the effect of fillets at the base of a cantilever beam on the deflection of the beam and gave the ranges of length-to-width and width-to-fillet radius ratios for which the classical beam theory and FEA agree well. In the case of the cycle-doubler design, the fillet radius that obeys this range was found to be too small for some beam segments. Furthermore, more than two beam segments meet at some points creating webbing at the intersection, which leads to higher stiffness. Therefore, we present an alternate approach by modifying the FE model, as explained next.
We model the fillet at a beam connection by adding cross members at the connections, as shown in Fig. 4͑left͒ . Beam elements are used to model these cross members to retain the advantage of low computational cost. If the fillets are not modeled explicitly, the FE model assumes that the elements AB and BC in Fig. 4͑a͒ are connected only at the node B. The fillet shows the actual profile of the connection after fabrication ͑e.g., by milling͒. A line is drawn passing through the centroid of the shaded fillet region and parallel to the tangent to the fillet profile at the point nearest to the centroid. This line intersects the centerlines of elements AB and BC at D and E, respectively. The reduction in free spans of the beams, and the increased stiffness and mass of the filleted connection is then modeled approximately by adding the cross member DE, and refining the FE model of the joint to comprise the elements AD, DB, BE, EC, and DE. The elements AD and DB share the same dimensions as the original element AB. Similarly, BE and EC have the same dimensions as those of the old element BC. The dimensions of the cross member DE are chosen to be the arithmetic mean of those for the elements AB and BC in the earlier model. The symmetric half of the model of the cycledoubler that uses the cross-segments is shown in Fig. 4͑right͒ .
The above ad hoc but consistent modification across the entire CM results in a FE model whose deformation field predictions are qualitatively similar to those observed in the prototype. Interaction with this FE model showed that the stiffness of the mechanism on the side closer to the output port was much greater than that on the input side when the influence of fillets was considered. This caused the prototype to not show the expected cycledoubling behavior. The schematic of the design in Fig. 2 shows that the part of the mechanism closer to the output port ͑OP͒ comprises wide beams. Hence, the device has high stiffness on the output side. A number of wide beams are connected together at OP. The smaller angle included by these beams ͑45°as opposed to 90°͒ create a webbing, which results in a very high stiffness. FE simulations show that this part of the mechanism locks after some initial displacement and remains locked for the rest of the input cycle, while the input part of the mechanism continues to deform. The high output stiffness and relatively low input stiffness make the design sensitive to changes in stiffness distribution such as those induced by the fillets. A preferential reduction in the stiffness of the output part of the mechanism by reducing the widths of the wide elements near the output port helped restore the balance of stiffness distribution. The resulting design exhibits cycledoubling behavior in the nonlinear FE simulations. However, a physical prototype of the modified design with reduced output stiffness and reduced gap still does not show cycle-doubling behavior. The nonlinear FE model was again used to trace the origin of this deviation in behavior due to the presence of friction in the post-contact phase.
Frictional
Contact. An observation of the working of the physical prototype showed that the frictional resistance at the contact interface increases the stiffness of the mechanism along its axis of symmetry in the post-contact phase. The output part of the mechanism locks part of the mechanism during the phase when there is "sticking contact" between the contact nodes ͑CN in Fig.  2͒ and the external surface ͑CS in Fig. 2͒ . This leads to very high deformation and stress at the input port ͑IP in Fig. 2͒ , while the output port ͑OP in Fig. 2͒ remains mostly motionless. Therefore, friction is included in the FE model to understand the sensitivity of the mechanism to different magnitudes of the friction coefficient ͑ ͓0,1͔͒. Simulations showed that the design with reduced gap and reduced output stiffness exhibits cycle-doubling behavior for low friction ͑ Յ 0.2͒. Therefore, a thin Teflon ® coating was provided on the external surface ͑CS in Fig. 2͒ of the physical prototype to reduce the friction coefficient. A single ply ͑0.1 mm thick͒ of plumber's thread sealing tape was sufficient to reduce the friction coefficient in this case to a level where the physical prototype exhibited cycle-doubling behavior.
As described above, four modifications ͑i.e., reducing the gap, including cross-segments at the beam-intersections, reducing the widths of the beams on the output side, and modeling friction at the contact points͒ helped in seeing the cycle-doubling behavior in both the nonlinear FE simulation and the prototype. Figure 5 compares the experimentally measured data with that of the FE simulation result for the model with the above four modifications. The maximum displacement in the simulation was approximately 1.5 mm whereas that in the experiment was nearly 1.8 mm. The discrepancy between the two is attributed to the manner in which the initial gap at the contact points was adjusted in the prototype.
It was done using shims that are glued to reduce the gap. There was also slight alignment error in orienting the shims. If the shims are not perfectly normal to the contact direction, the gap is not uniform as the contact points slide on the rigid surface of the shims. Additionally, there was a thin coat of Teflon to reduce friction. The combined error in the gap was inferred to be about 0.2 to 0.5 mm. Since the gap has a significant effect on the mechanism's behavior, the 16% discrepancy between the experimental and the simulation data is not unexpected. The measurement technique, using the Hall effect sensor as shown in Fig. 6 , might also have contributed to the discrepancy to some extent. The asymmetry in the two halves of experimental data in half the cycle is due to the asymmetry in the gap on either side of the mechanism at the contact points, as well as any alignment error in the linear stepper motor that actuated the input port of the mechanism.
Effects of Friction and Output Load
The compliant cycle-doubling mechanism is intended to increase the frequency of actuation against an output load. Since the output load alters the kinematic behavior of a compliant mechanism, it is important to check if the cycle-doubler retains its behavior in the presence of an output load and friction between the mechanism and the rigid surface. We explore this in this section by finite element analysis wherein an input force ͑as opposed to input displacement͒ is applied at the input port to observe the input and output displacements and various forces. The simulations were performed for the following cases using the modified design of the cycler doubler:
͑i͒ Without friction and output load ͑ii͒ With friction but without output load ͑iii͒ With and without friction in the presence of output load applied towards left ͑iv͒ With and without friction in the presence of output load applied towards right
The first two cases help in observing the role of friction, while the latter two cases illustrate the influence of an output load. As shown in the previous section, case ͑i͒ certainly shows the cycledoubling behavior. It was observed that this behavior was lost for Table 1 .
some values of friction and output load in cases ͑ii͒-͑iv͒. This behavior could be restored by adjusting two design parametersthe amplitude ͑A͒ of the input force ͑or displacement͒ and the initial gap ͑g 0 ͒ at the contact interface. In ͑ii͒, the amplitude of the input force was adjusted. Hence, the label 0LA ͑zero output load with the amplitude of the input force A as the parameter for adjustment͒ is used for this case in the subsequent discussion. In case ͑iii͒ too, A was adjusted but there was an output load acting from right to left in Fig. 2 , and hence lLA is the label associated with it. In case ͑iv͒, the initial gap g 0 between the contact points and the rigid surface was adjusted while an output load directed from left to right in Fig. 2 acted on the mechanism. Therefore, this case is labeled rLg0. In all cases, the input force is applied as a triangular wave with zero magnitude at the beginning and the end of a cycle and the maximum value at the middle of the cycle. Figure 7 shows the variation of the input and output displacements and the gap between the contact points ͑CN in Fig. 2͒ and the rigid surface for one complete cycle of input for case ͑i͒. The contact occurs at approximately t * = 0.28, where t * is a dimensionless cycle time which represents the fraction of the input cycle that has been completed. The sudden increase in the input-side stiffness at the onset of contact can be seen in Fig. 7 as indicated by an abrupt fall in the rate of change of the input displacement at the point of contact. At this time, the output port reverses its direction of motion and starts the second half of its first cycle. The input displacement attains its maximum value halfway into the input cycle ͑t * = 0.5͒ at which point the output has completed one full cycle. Over the remaining half of the cycle, during which the input load is linearly reduced to zero, the elastic energy stored in the mechanism during the first half-cycle of input is gradually released to restore the mechanism to its undeformed configuration. In the absence of an output load and frictional contact, the motion of the mechanism during the second half of the cycle can be thought of as the reversal of the mechanism's motion during the first half. Note that the amplitude of the output port motion ͑about 2 mm͒ is approximately one-tenth of the amplitude of the input port motion ͑about 20 mm͒. It was also observed ͑but not indicated in the figure͒ that the maximum normal contact force was much greater than the maximum value of the input force because of the mechanical advantage provided by the mechanism between the input port and the contact nodes.
Case (i).

Cases (ii)-(iv).
It was observed that a very low-friction regime ͑ Ͻ 0.05͒ gives results that are identical to the frictionless case, while the high-friction regime ͑ Ͼ 0.35͒ leads to the loss of the cycle-doubling behavior, because the buckling loads for the structure were reached before the contact-phase of the cycle was completed. Hence, the following discussion uses = 0.2 as the representative case that gives the cycle-doubling behavior with friction. Figure 8 shows the output displacement for six scenarios comprising cases ͑ii͒-͑iv͒ with and without friction. In cases ͑iii͒ and ͑iv͒, since an output load was applied at the outset of the cycle, a static deflection ⌬ can be noticed in the figure for the cases of lLA and rLg0 at the beginning of the cycle. The dead bands ͑i.e., regions of no change in value͒ in the wave forms for the motion of the output port are caused by sticking contact at the contact interface. During this phase, the friction locks the output region of the mechanism, although the input region continues to deform. It can be seen that the dead bands lie entirely in the second half of the cycle and hence distorts the output motion only in the second half. It is important to note that despite the asymmetry in the output waveforms created by friction-induced dead bands, the cycle-doubling behavior was achieved in all cases with almost the same amplitude. Figure 9 shows the normal and frictional ͑tangential͒ contact forces along with the input force for one complete cycle for the lLA case with and without friction. Irrespective of whether there is friction or not, the maximum normal contact force is substantially larger than the maximum input force. As noted earlier, this indicates the mechanism's ability to amplify the force from the input side to the contact sides. The negative values of the frictional contact force indicate a force directed to the left. This happens in the post-contact phase when the contact nodes are sliding on the rigid surfaces towards the right. This continues until the normal contact force is reduced ͑in the second half of the input cycle due to the gradual release of the stored energy in the mechanism͒ to a level where the elastic restoring force just overcomes the static friction force. This point corresponds to the end of the dead band when there is a change in slope in the normal contact force and the friction contact force becomes positive. Consequently, the contact points reverse their direction of sliding towards the left, and gradually become separated when the normal contact force is zero. This explains the reason for the dead bands in the second half. The dead bands can be minimized or even eliminated by increasing the elastic restoring force so that it can instantaneously overcome the static friction at the end of the first half of the cycle. Table 2 summarizes the extreme values of the input and output forces and displacements of the mechanism and other pertinent information in the aforementioned six cases. It also shows the input work, output work and the efficiency. The issue of efficiency is discussed next. Table 2 shows the % energy-efficiency of the cycle-doubling mechanism in all the six load cases that were simulated. This efficiency is calculated as the ratio of the useful output work divided by the total input work. The useful output work is calculated for only half the cycle of the output point during which the movement is against the output load. For example, for the case of ͕rLg0, = 0.0͖ in Fig. 8 , the useful output work is taken only in the segments bc and de. The total input work includes the work done at the input port by the input force as well as the work done by the output force when its direction is the same as the output point. For ͕rLg0, = 0.0͖ in Fig. 8 , this will include the input work in segments cd and ef, and output work in bc and de. This is one reason for the low efficiency. The other reason is that CMs utilize a significant part of the input energy to deform themselves to serve their functions. This is true of all CMs. In CCMs, there is another source of energy loss due to friction at the contact points. But since it happens only at a few points ͑only two in the present case͒, its contribution is not significant. The low efficiency is common among CMs that are used as transmissions that change the force-displacement characteristics of the actuators ͑e.g., Ref.
A Comment on Efficiency. The last column of
͓6͔͒. Preloading may be one way to rectify this.
The efficiency is inversely proportional to A, which is proportional to g 0 . The highest efficiencies are obtained for low values of A and g 0 , i.e., for designs that undergo small deflections. These designs divert less of the input work into strain energy stored in the body, and hence are able to deliver more useful work at the output port. Note that for the low friction regime ͑ = 0-0.2͒, frictional dissipation has negligible influence on the mechanical efficiency; indeed, the highest efficiency is recorded for a load case with frictional contact. Figure 10 shows the deflected profiles of the mechanism when it is halfway through the input cycle for different load cases. Peak stresses occur in this configuration in all cases. The two horizontal black lines at the top of the figure represent the external contact surface-the upper line corresponds to the cases ͑0LA, =0; 0LA, = 0.2; and rLA, = 0.2͒ and the lower line corresponds to the case ͑rLg0, = 0.2͒. The peak von Mises stress is indicated in Table 3 . The labels used Fig. 10 are also indicated in Table 3 . The yield stress for Proteus® homopolymer Polypropylene sheet from Poly-Hi Solidur is 35.5 MPa. The lowest factor of safety ͑1.89͒ occurs for the unloaded, frictional contact ͑0LA, = 0.2͒ case. Note that the mechanism is not at risk for material failure despite the very high deflections experienced by it. This is attributed to the fact that the compliance of the mechanism is distributed over significant parts of the mechanism body.
Peak Stresses.
General Design Guidelines.
Recall that the mechanism design was obtained by topology optimization with a number of assumptions ͑viz., small deformations, no friction, no output load, etc.͒ and that it was subsequently modified by detailed simulations and the observed behavior from the physical prototype. In this section, we show that simple modifications can be made to the mechanism to retain the cycle-doubling behavior even when moderate friction and an output load are present. It is important to note that the modifications are not arbitrary; they are guided by an understanding of the mechanism, as explained below.
The initial gap controls the onset and duration of contact. Hence, it controls the point in the input cycle when the displacement of the output port reaches its maximum value. It is possible to choose g 0 such that the output port reaches its maximum displacement at t * = 0.25, thus yielding a symmetric wave form for its motion. It is noted that low values of g 0 lead to higher mechanical efficiencies. Once a design is chosen for an application, g 0 is fixed and cannot be adjusted easily. For a design with a given g 0 , the amplitude of the input force ͑A͒ can be adjusted to ensure cycledoubling behavior over a range of output loads and frictional contact conditions. Unlike g 0 , A can usually be adjusted easily by varying the stroke of the actuator. Therefore, g 0 should be chosen to yield the most efficient mechanism that exhibits the desired output port displacement wave form under the nominal operating conditions, and A should be adjusted to account for variations in the operating conditions around their nominal values.
The above results indicate that the design of the cycle-doubler is robust in that it can exhibit the cycle-doubling behavior over a range of quasistatic operating conditions. In the next section we explore the behavior of the design under dynamic operating conditions. . g 0 = 6.19 mm for a-d, 5.54 mm for e, 3.44 for f.  Output load is zero for a-b, and 1.1 N for c- Fig. 10 The deflected profiles "see Table 3 for explanation of the labels 0, a-d as well as values of the stress… of the compliant cycle-doubler 
Adaptation of the Quasistatic Design for the Dynamic Regime
The compliant cycle-doubling transmission was motivated, among other things, by thermal actuators whose frequency is in the range of 1-10 Hz at the macroscale ͓1͔ and is about 1 kHz at the microscale ͓4͔. In this section, we use nonlinear, explicit, dynamic FEA to show that the cycle-doubler design described above can be adapted for use in a dynamic environment. Can a CM that is designed for quasistatic operation perform adequately in dynamic applications? The answer depends on the ratio of the inertia forces ͑F inertia ͒ to the elastic restoring forces ͑F elastic ͒ acting on the mechanism. A CM designed for quasistatic operation can function adequately at frequencies of operation where F inertia / F elastic 1. Recalling that F inertia / F elastic = 1 at the fundamental frequency of the CM, we note that the quasistatic design will perform sufficiently well in a dynamic environment at frequencies that are much smaller ͑e.g., by a factor of 10͒ than its fundamental frequency. As the design is monolithic and planar, it is possible to choose the size and material of the mechanism to shift its first natural frequency f to the desired value. This is aided by the well-known scaling law for the natural frequency, which is given below ͓14͔.
where L is the characteristic size of the mechanism, E the Young's modulus, and mass density of the material. Therefore, if we keep the proportions of the mechanism the same and change its size for a given material, we can adjust its natural frequency as needed. Based on the specifics of the macro design from Secs. 2 and 3 that is made of polypropylene and Eq. ͑1͒, we choose a material and size for a microscale version of the cycle-doubler design that is suitable for use with bent-beam microscale thermal actuators. We also validate both designs using explicit dynamic simulation as presented next.
4.1 Dynamic Performance of the Macro-Scale, Polypropylene Design. Dynamic FE analysis of strongly nonlinear systems can be performed using either an implicit or explicit direct time integration procedure. While many such simulations can be performed efficiently by the implicit procedure, the explicit procedure is more appropriate for simulation of complex dynamic phenomena involving contact/impact interactions ͓12͔. As the cycle-doubler design has to account for geometric nonlinearity ͑due to large deflections͒, material nonlinearity ͑due to the viscoelastic response of polypropylene͒ and the boundary condition nonlinearity ͑due to intermittent frictional contact/impact interactions͒, the explicit procedure is used for its dynamic simulation. Experimental tensile creep data supplied by the manufacturer indicates that the apparent Young's modulus of polypropylene decreases by approximately 50% in the first 46.5 s and 14% in the next 46.5 s. This is used to construct a two-element, Kelvin-Voigt model for the viscoelastic response of polypropylene.
We consider a single load case in which the cycle-doubler drives an output load comprising a fixed-fixed polypropylene beam of dimensions 84ϫ 0.5ϫ 3.175 mm. The first five natural frequencies of the mechanism were computed to be 78.5, 92.5, 148.5, 238.5, and 241.5 Hz with alternating symmetric and antisymmetric mode shapes with the first mode shape being symmetric. Hence, it is expected that the quasistatic design would work well for the intended range of 1-10 Hz. This is borne out by dynamic simulations. The salient dimensions are shown in Table 4 and the displacements obtained from the simulation are shown for one complete input cycle in Fig. 11 . The amplitude of the output port motion is approximately 1.4 mm, while the input port motion has an amplitude of approximately 15.7 mm. As in the quasistatic case, the contact interfaces experiences sticking at the start of the second half-cycle of input. This produces a dead band and distorts the wave form for the motion of the output port. The "ripple" or waviness superimposed on the displacement plots is an artifact of the explicit time integration procedure.
Designing a Cycle-Doubler for an Electrothermal
Microactuator. We now consider the bent-beam electrothermal microactuator reported by Chu et al. ͓4͔ . It occupies an area of 2.4ϫ 2.4 mm 2 , and yields a constant-stiffness, linear, output behavior with a blocking force of 175 N and a free displacement of 100 m. Since this electrothermal microactuator operates at a frequency of approximately 1 kHz, the cycle-doubler adapted for this design needs to have the first natural frequency at least 10 times this value. By considering monocrystalline silicon ͑E = 169 GPa, = 2330 kg/ m 3 ͒ which is a common structural material for microscale electromechanical systems, and by scaling down the size of the macroscale polypropylene design by a factor of 45, we get the following estimate for the first natural frequency of the microcycle doubler using Eq. ͑1͒:
Therefore, 78.5 Hz of the macro design changes to 25.06 kHz, which is much greater than the required actuation frequency of 1 kHz. Hence, the silicon micro prototype that fits in an area of 3.78ϫ 3.78 mm 2 would work well in the dynamic regime, even if it is adapted from the quasistatic design. The explicit dynamic simulation performed in ABAQUS ͓12͔ confirmed this, as can be seen in Fig. 12 . The details of the simulated silicon design are shown in Table 5 . The modal analysis of this design gave the first five natural frequencies as 25.1, 29.5 46.5, 76.1, and 77.0 kHz.
Conclusions
Compliant mechanisms ͑CMs͒ have been used in the past as transmissions to amplify the force or displacement, or to modify the force-displacement characteristic. In this paper, we demonstrated that compliant transmissions can also modify the frequency of input actuation. The cycle-doubler presented here is a contact-aided compliant mechanism ͑CCM͒ that uses intermittent contacts to produce an output at twice the frequency of its input. The conceptual design of the cycle-doubler was obtained using topology optimization as detailed in Ref. ͓10͔. The conceptual design did not consider the effects of large displacements, friction and manufacturing-induced geometric features. In this paper, we develop the conceptual design into a robust, functional design through detailed finite element simulations, prototyping and testing. An approach was used to incorporate the influence of fillets in the finite element model of the prototype. The detailed, quasistatic finite element model was validated by experiments. This model was then used to show that the design could drive a significant output load ͑e.g. 50% of the input load͒ and was robust to variations in the direction of the load as well as small fluctuations in the amount of the friction at the contact interface. A simple scaling law was used to show how a quasistatic design could be adapted for dynamic operation by a proper choice of material and length scale for the design. Explicit dynamic finite element simulations of a polypropylene macrodesign and a silicon microdesign confirm that a cycle-doubler functions properly at the macro and micro sizes. The specifics of the approach used to transition from a conceptual design to a functional prototype as described in this paper relate only to the CCM cycle-doubler presented here. However, based on past experience, we expect that many aspects of the above process will be relevant for other CM and CCM designs. 
